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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
In smart manufacturing, a digital twin is the virtual counterpart of a physical manufacturing system and can be considered as having three 
elements: machine, product and process. To demonstrate this concept, a physical manufacturing testbed was developed which bends metal into 
V-brackets alongside a digital twin counterpart consisting of the three elements. The process digital twin uses finite element modelling to predict 
product stress during the bending operation, and the residual stress and bend angle post-bending. The bend angles predicted by the process digital-
twin were within 0.5° and 3° of the physical product for two different test scenarios. 
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1. Introduction 
Smart Manufacturing is a multidisciplinary area, covering 
busin ss, computer science, electrical,  mechanical, and process 
engineering [1]. Also known as the fourth industrial revolution 
and Industry 4.0, smart manufacturing sees the convergence of 
information and co munic tion technol gy (ICT) with 
manufacturing technologies, for improved efficiency and 
productivity with reduced time to market [2,3]. One of the key 
areas of smart manufacturing is cyber physical systems (CPSs), 
which relates to the integration of the physical and cyber worlds 
[1]. A CPS can enhance product design, manufacturing 
production systems, as well as product performance during 
lifecycle [4]. I  terms of manufacturi g, these systems are often 
referred to cyber-physical productions systems (CPPSs), which 
is an applied form of CPS [5].  
Digital twin technology has gained extensive attention in 
recent times, both within industry and academia [6]. In 
manufacturing, a digital twin can be considered as the cyber 
element of a CPPS [6]. There is no single scie tific definition 
of igital twin, however, a common definiti n is that a digital 
twin is a “Digital representation of a real world object with 
focus on the object itself” [7]. The role of digital twins in 
manufacturing has evolved since the initial concept was 
developed. Early research on digital twins used this technology 
to monitor health and maintenance of physical manufacturing 
equipment. However, this technology is more recently being 
used to mirror physical entities, predicting performance and 
behavior under different conditions [8].  High-fidelity digital 
models can be used to virtually reproduce physical geometries, 
properti s a d behaviors [9]. Real-world sensor data can then 
be combined with these models and simulations to improve the 
physical manufacturing process [10,11]. For example, a digital 
twin of a physical manufacturing operation can be used to 
predict, analyze and optimize the process in the virtual 
environment. Once optimized in the virtual world, the 
optimized solution can be applied to the real world physical 
process – adding business value [10].  
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1. Introduction 
Smart Manufacturing is a multidisciplinary area, covering 
busi ess, computer cie ce, electri al,  mechanical, and process 
e gineering [1]. Also known as the fourth industrial revolution 
and Industry 4.0, smart a ufacturing sees the convergence of 
information and communication technology (ICT) with 
man facturing technologies, f r improved efficiency and 
productivity with reduced time to market [2,3]. One of the key 
areas of smart manufacturing is cyber physical systems (CPSs), 
which relates to the integration of the physical and cyber worlds 
[1]. A CPS can enhance product design, a ufact ri  
production systems, as well as product performance during 
lifecycle [4]. I  terms of manufacturing, th se systems are often 
referred to cyber-physic l productions systems (CPPSs), which 
is an applie  form of CPS [5].  
Digital twin technology has gained extensive attention i  
recent times, both within industry and aca emia [6]. In 
manufacturing, a digital twin can be considered as the cyber 
element of  CPPS [6]. There is no sing e cien ific definitio  
of digital twin, h wever, a common definition is that a digital 
twin is a “Digital representation of a real world object with 
focus on the object itself” [7]. The role of digital twins in 
manufacturing has evolved since the initial concept was 
developed. Early research on digital twins used this technology 
to monitor health and maintena ce of physical manufacturi  
equipment. However, this technology is more recently bei g 
used t  mirror physical entities, predicting performance and 
behavior under different conditions [8].  High-fidelity digital 
m dels can be used to virtually reproduce physical geometries, 
properties and behaviors [9]. Real-world sensor data can then 
be combined with these m dels and simulatio s to improve the 
physical manufacturing proc ss [10,11]. For example, a digital 
twin of a ph sical manuf cturing operation can be used to 
pre ict, alyze and optimize the pr cess in the virtual 
environment. Once optimized in the virtual world, the 
optimized solution can be applied to the real world physical 
process – adding business value [10].  
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Traditional manufacturing processes can be considered as 
having three primary elements. The first element is the 
manufacturing machine, which is doing the manufacturing 
operation. The second element is the product, the component to 
which the manufacturing machine is adding value. The final 
element is the physical process that the machine is carrying out 
on the product. Each of these three elements should be 
represented by a digital twin component. 
A number of authors have reported works for individual 
digital twin elements. However, the integration of the machine, 
product and process digital twin elements is yet to be reported. 
For example, object orientated modelling has been reported for 
a machining process, where the machine and process have been 
modelled in the endeavor to create a digital twin [12]. There has 
also been interest in developing high-fidelity process models 
for additive manufacturing processes with a view to developing 
a digital twin [13]. Some of these process models predict 
product microstructures [14], while others predict  residual 
stress and distortion in the final product [15].  
One of the major benefits of digital twin technology is the 
ability to make predictions about the expected product behavior 
[16]. Motivated by this, this paper presents a novel approach for 
manufacturing-based digital twins, combining digital twin 
elements for the machine, product and process. A physical 
testbed has been developed to demonstrate this approach, which 
has been designed to V-bend metallic materials. This paper 
focuses on reporting the process digital twin element, which 
uses a finite element model (FEM) to gain insights and make 
predictions about the bending process and product outcomes.  
 This paper is structured as follows: Section 2 outlines the 
materials and methods used for experimentation and modelling. 
Section 3 presents the results from both modelling and 
experimental tests while Section 4 discusses these results. 
Finally, Section 5 presents the concluding comments, as well as 
future research opportunities.  
2. Materials and Methods 
 Bending was selected as a manufacturing operation for the 
test bed, as it is a common manufacturing process in aerospace 
and automotive industries which can easily be interpreted. The 
physical twin is comprised of three elements, the machine, the 
product, and the process. The bending machine, see Fig. 1, uses 
a pair of high-torque stepper motors to move a V-press relative 
to the static V-die, while a load cell is used to measure load 
during the bending cycle. The V-press displacement has a step 
resolution of 0.5 mm, while the repeatability of the 
displacement was determined using a Vernier calipers to be +/- 
0.2 mm. The system is controlled using an IoT-enabled 
Raspberry Pi model 3B+, which is capable of wirelessly 
transmitting sensor data via OPC-UA protocol. A number of 
bespoke components such as button enclosures and brackets 
were designed using Solidworks and 3D printed with polylactic 
acid (PLA) plastic using a Prusa i3 Mk3 fused filament 
fabrication 3D printer. The machine digital twin element 
consisted of a 3D CAD model designed using Solidworks, see 
Fig. 1, which was capable of simulating the kinematic 
movements of the V-press relative to the die. The machine 
digital twin element also includes the operational code, as well 
as machine operational history information such as the number 
of bending cycles completed.  
 The physical product being manufactured is a metallic 
bracket made from aluminum 2024 T3 series. This material was 
selected as it is strong, lightweight, is used in the aerospace 
industry, and has previously been modeled in other bending 
applications [17], [18]. Elastic and dimensional details of 
Al2024 T3 can be seen in Table 1, while the plastic properties 
of this material is plotted in Fig. A.1 in Appendix A. The 
product digital twin element consists of a database of product 
features, including material type, material properties, product 
dimensions and product condition (i.e. pre- or post-bending).  
Fig. 1 Schematic illustrating integration of physical system (left) and digital system (right) 
 
 E.P. Hinchy  et al. / Procedia CIRP 93 (2020) 568–574 569
 
Available online at www.sciencedirect.com 
ScienceDirect 
Procedia CIRP 00 (2019) 000–000 
  
     www.elsevier.com/locate/procedia 
   
 
2212-8271 © 2019 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 53rd CIRP Conference on Manufacturing Systems 
53rd CIRP Conference on Manufacturing Systems 
Using finite element analysis to develop a digital twin of a manufacturing 
bending operation 
 E.P.Hinchya,c,* C. Carcagnob, N.P. O’Dowda,c,d, C.T. McCarthya,c,d 
aConfirm Smart Manufacturing Research Centre, Ireland 
bSigma Clermont, 63170 Aubière, France 
cBernal Institute, University of Limerick, Ireland 
dSchool of Engineering, University of Limerick, Ireland 
* Corresponding author. Tel.: +353 61 202136.  E-mail address: Eoin.Hinchy@ul.ie 
Abstract 
In smart manufacturing, a digital twin is the virtual counterpart of a physical manufacturing system and can be considered as having three 
elements: machine, product and process. To demonstrate this concept, a physical manufacturing testbed was developed which bends metal into 
V-brackets alongside a digital twin counterpart consisting of the three elements. The process digital twin uses finite element modelling to predict 
product stress during the bending operation, and the residual stress and bend angle post-bending. The bend angles predicted by the process digital-
twin were within 0.5° and 3° of the physical product for two different test scenarios. 
 
© 2019 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 53rd CIRP Conference on Manufacturing Systems 
 Keywords: Digital Twin; Smart Manufacturing; Finite Element Modelling; 
1. Introduction 
Smart Manufacturing is a multidisciplinary area, covering 
business, computer science, electrical,  mechanical, and process 
engineering [1]. Also known as the fourth industrial revolution 
and Industry 4.0, smart manufacturing sees the convergence of 
information and communication technology (ICT) with 
manufacturing technologies, for improved efficiency and 
productivity with reduced time to market [2,3]. One of the key 
areas of smart manufacturing is cyber physical systems (CPSs), 
which relates to the integration of the physical and cyber worlds 
[1]. A CPS can enhance product design, manufacturing 
production systems, as well as product performance during 
lifecycle [4]. In terms of manufacturing, these systems are often 
referred to cyber-physical productions systems (CPPSs), which 
is an applied form of CPS [5].  
Digital twin technology has gained extensive attention in 
recent times, both within industry and academia [6]. In 
manufacturing, a digital twin can be considered as the cyber 
element of a CPPS [6]. There is no single scientific definition 
of digital twin, however, a common definition is that a digital 
twin is a “Digital representation of a real world object with 
focus on the object itself” [7]. The role of digital twins in 
manufacturing has evolved since the initial concept was 
developed. Early research on digital twins used this technology 
to monitor health and maintenance of physical manufacturing 
equipment. However, this technology is more recently being 
used to mirror physical entities, predicting performance and 
behavior under different conditions [8].  High-fidelity digital 
models can be used to virtually reproduce physical geometries, 
properties and behaviors [9]. Real-world sensor data can then 
be combined with these models and simulations to improve the 
physical manufacturing process [10,11]. For example, a digital 
twin of a physical manufacturing operation can be used to 
predict, analyze and optimize the process in the virtual 
environment. Once optimized in the virtual world, the 
optimized solution can be applied to the real world physical 
process – adding business value [10].  
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1. Introduction 
Smart Manufacturing is a multidisciplinary area, covering 
busi ess, computer scie ce, electrical,  mechanical, and process 
e gineering [1]. Also known as the fourth industrial revolution 
and Industry 4.0, smart a ufacturing sees the convergence of 
information and communication technology (ICT) with 
man facturing technologies, f r improved efficiency and 
productivity with reduced time to market [2,3]. One of the key 
areas of smart manufacturing is cyber physical systems (CPSs), 
which relates to the integration of the physical and cyber worlds 
[1]. A CPS can enhance product design, a ufact ri  
production systems, as well as product performance during 
lifecycle [4]. In terms of manufacturing, these systems are often 
referred to cyber-physical productions systems (CPPSs), which 
is an applied form of CPS [5].  
Digital twin technology has gained extensive attention i  
recent times, both within industry and aca emia [6]. In 
manufacturing, a digital twin can be considered as the cyber 
element of a CPPS [6]. There is no single scientific definition 
of digital twin, however, a common definition is that a digital 
twin is a “Digital representation of a real world object with 
focus on the object itself” [7]. The role of digital twins in 
manufacturing has evolved since the initial concept was 
developed. Early research on digital twins used this technology 
to monitor health and maintena ce of physical manufacturi  
equipment. However, this technology is more recently bei g 
used t  mirror physical entities, predicting performance and 
behavior under different conditions [8].  High-fidelity digital 
m dels can be used to virtually reproduce physical geometries, 
properties and behaviors [9]. Real-world sensor data can then 
be combined with these m dels and simulations to improve the 
physical manufacturing process [10,11]. For example, a digital 
twin of a ph sical manufacturing operation can be used to 
predict, a alyze and optimize the process in the virtual 
environment. Once optimized in the virtual world, the 
optimized solution can be applied to the real world physical 
process – adding business value [10].  
2 Hinchy et al./ Procedia CIRP 00 (2019) 000–000 
Traditional manufacturing processes can be considered as 
having three primary elements. The first element is the 
manufacturing machine, which is doing the manufacturing 
operation. The second element is the product, the component to 
which the manufacturing machine is adding value. The final 
element is the physical process that the machine is carrying out 
on the product. Each of these three elements should be 
represented by a digital twin component. 
A number of authors have reported works for individual 
digital twin elements. However, the integration of the machine, 
product and process digital twin elements is yet to be reported. 
For example, object orientated modelling has been reported for 
a machining process, where the machine and process have been 
modelled in the endeavor to create a digital twin [12]. There has 
also been interest in developing high-fidelity process models 
for additive manufacturing processes with a view to developing 
a digital twin [13]. Some of these process models predict 
product microstructures [14], while others predict  residual 
stress and distortion in the final product [15].  
One of the major benefits of digital twin technology is the 
ability to make predictions about the expected product behavior 
[16]. Motivated by this, this paper presents a novel approach for 
manufacturing-based digital twins, combining digital twin 
elements for the machine, product and process. A physical 
testbed has been developed to demonstrate this approach, which 
has been designed to V-bend metallic materials. This paper 
focuses on reporting the process digital twin element, which 
uses a finite element model (FEM) to gain insights and make 
predictions about the bending process and product outcomes.  
 This paper is structured as follows: Section 2 outlines the 
materials and methods used for experimentation and modelling. 
Section 3 presents the results from both modelling and 
experimental tests while Section 4 discusses these results. 
Finally, Section 5 presents the concluding comments, as well as 
future research opportunities.  
2. Materials and Methods 
 Bending was selected as a manufacturing operation for the 
test bed, as it is a common manufacturing process in aerospace 
and automotive industries which can easily be interpreted. The 
physical twin is comprised of three elements, the machine, the 
product, and the process. The bending machine, see Fig. 1, uses 
a pair of high-torque stepper motors to move a V-press relative 
to the static V-die, while a load cell is used to measure load 
during the bending cycle. The V-press displacement has a step 
resolution of 0.5 mm, while the repeatability of the 
displacement was determined using a Vernier calipers to be +/- 
0.2 mm. The system is controlled using an IoT-enabled 
Raspberry Pi model 3B+, which is capable of wirelessly 
transmitting sensor data via OPC-UA protocol. A number of 
bespoke components such as button enclosures and brackets 
were designed using Solidworks and 3D printed with polylactic 
acid (PLA) plastic using a Prusa i3 Mk3 fused filament 
fabrication 3D printer. The machine digital twin element 
consisted of a 3D CAD model designed using Solidworks, see 
Fig. 1, which was capable of simulating the kinematic 
movements of the V-press relative to the die. The machine 
digital twin element also includes the operational code, as well 
as machine operational history information such as the number 
of bending cycles completed.  
 The physical product being manufactured is a metallic 
bracket made from aluminum 2024 T3 series. This material was 
selected as it is strong, lightweight, is used in the aerospace 
industry, and has previously been modeled in other bending 
applications [17], [18]. Elastic and dimensional details of 
Al2024 T3 can be seen in Table 1, while the plastic properties 
of this material is plotted in Fig. A.1 in Appendix A. The 
product digital twin element consists of a database of product 
features, including material type, material properties, product 
dimensions and product condition (i.e. pre- or post-bending).  
Fig. 1 Schematic illustrating integration of physical system (left) and digital system (right) 
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Table 1: Elastic and dimensional material properties of Al2024 T3 
 The physical process bends an initially flat strip of Al2024 
placed across the die opening into a V-shape. The start button 
initiates the bending cycle and the cross-head moves downward 
by a prescribed distance, bending the metallic strip between the 
V-press and die. There is a two-second hold, and the crosshead 
then lifts the V-press to the home position.  
The process digital twin is a non-linear 2D finite element 
model (FEM) implemented using Abaqus®. The process 
digital twin predicts the final bend angle, the stress in the 
product during bending and the residual stress after 
manufacture. This FEM contains three parts: the V-press, the 
die and the plate (product). The former two parts are rigid 
bodies meshed with 2-node R2D2 elements. The geometry of 
the press and die are shown in Fig. 2. The plate is modelled as 
a deformable part partitioned in three different sub-parts 
allowing a different mesh density within the plate – a technique 
also employed by Chan et al., [17], for FEM of springback of 
V-bending  aluminum sheet.  The purpose of the mesh partition 
is to increase mesh density in the location where the V-press 
meets the plate. Eight node (quadratic) plane stress elements 
(CPS8) were used for the plate.  
A frictional slip tolerance of 0.005 and a coefficient of 
friction of 0.01 were used for the boundary conditions between 
the V-press and workpiece, and the workpiece and die. The 
maximum displacement of the V-press is 48.5 mm from the 
point of touching the specimen until the point when the press 
fully mates with the die. Two bending test scenarios were 
performed during this study. The first scenario involved 
modelling the bending process to a V-press displacement of 
30 mm. For the second scenario, a V-press displacement of 45 
mm was examined. For each of these two scenarios, physical 
tests were conducted using the metal bending test bed. These 
tests involved bending ten specimens for each scenario, where 
the final bend angle of each specimen was measured using 
ImageJ  
3. Results 
The fundamental idea behind digital twin technology is to 
add value to any manufacturing system using cyber physical 
systems through process predictions and optimization. The 
development of an FEM-based process digital twin is one such 
method for predicting manufacturing outcomes.  
 
3.1 Process digital twin: 30 mm displacement  
For the first FEM-based process digital twin, the V-press 
travelled 30 mm from its starting position and returned to its 
starting position. Fig. 3 shows an Abaqus rendering of the FEM 
during loading and unloading. In Fig. 3(a), the V-press is 
displaced by 30 mm, and it can be seen that the plate has bent 
to an angle of approximately 100°. Fig. 3(b) shows the system 
once fully unloaded. In this case, it can be seen that the bend 
angle has increased to 143°, i.e. a significant elastic springback 
of 43°, which is an undesirable distortion of the metal product. 
The springback phenomenon is common in metal bending, and 
is caused by elastic recovery of a material after the bending 
load has been released [15]. 
  
 




Fig. 3 FEM model showing (a) 30 mm displacement of V-press; (b) retraction 
of V-press showing elastic recovery of specimen 
 
One of the benefits of the process digital twin is the ability 
to predict internal stress during bending, as well as residual 
stress post-bending. Fig. 4 (a) shows the stress distribution in 
the plate during bending. At the point where the V-press is in 
contact with the plate, the local compressive stress is approx. 
443 MPa, while on the opposite side of the specimen, the 
workpiece is in a state of tensile stress of 416 MPa. Fig. 4(b) 
maps the residual stress distribution in the specimen after the 
V-press has been completely retracted. The largest residual 
stresses are located nearer to the neutral axis of the specimen. 
Fig. 5 plots the stress profile across the thickness of the 
specimen for the loaded and unloaded condition. It can be seen 
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stress condition changes from 443 MPa compression in the 
loaded state, to a predicted residual tensile stress of 185 MPa 
when fully unloaded. The residual stress profile is typical of 
that seen for a plate under elastic-plastic bending.  
 
 
Fig. 4: FEM S11 stress distribution for workpiece when (a) fully loaded with 
30 mm V-press displacement and; (b) residual stress distribution after bending 
load has been removed  
 
 
Fig.5 Plot of stress across the thickness of the specimen for fully loaded and 
unloaded conditions for 30 mm V-press displacement 
 
3.2 Process physical twin: 30 mm displacement  
In order to validate the virtual model, a physical bending test 
was conducted on ten specimens, with a V-press displacement 
set to 30 mm using the physical bending test bed. Although it 
was not possible to measure stress during the bending cycle, 
the final bend angle could be verified against FEM results. Fig.  
6 presents a photograph of the ten specimens bent using the 30 
mm displacement. A Vernier calipers was used during the 
bending process to measure the displacement repeatability of 
+/- 0.2 mm between the V-press and die during physical 
testing.  Post-testing, the final bend angles of all ten specimens 
were measured, resulting in an average bend angle of 142.58°, 
with a standard deviation of 0.33°. The modeled angle of 143° 
is within 2 standard deviations of the physical tests – thus 
showing good fidelity of the process digital twin with the 
process physical twin.  
 
3.3 Process digital twin: 45 mm displacement  
     To further test the validity of the FEM-based process digital 
twin, a second scenario was tested, this time using a V-press 
displacement of 45 mm. Fig. 7 shows an Abaqus®  rendering 
of the model in the loaded state (Fig.7(a)) and unloaded state 
(Fig.7(b)) for the 45 mm V-press displacement. For the loaded 
condition, the bend angle is 90°, where it can be seen that the 
sides of the plate are in full contact with the surfaces of the die. 
Upon unloading however, it is again seen that the material 
undergoes elastic recovery, resulting in springback of 15.2 ° to 
an angle of 105.2°. 
 
 




Fig.7 FEM model showing (a) 45 mm displacement of V-press; (b) retraction 
of V-press showing elastic recovery of specimen 
 
Fig. 8 (a) presents the predicted stress distribution across the 
metal plate during bending to 45 mm displacement. At the point 
where the V-press is in contact with the workpiece, the local 
compressive stress is predicted to be 583 MPa – a considerable 
increase over the 30 mm FEM. On the opposite side of the 
specimen, the plate is again in a state of tensile stress, this time 
to the magnitude of  510 MPa. The predicted residual stress 
distribution post-bending is presented in Fig.8(b). As expected, 
the magnitude of predicted residual stress in this specimen type 
is larger than the 30 mm model. Fig. 9 plots the predicted stress 
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Table 1: Elastic and dimensional material properties of Al2024 T3 
 The physical process bends an initially flat strip of Al2024 
placed across the die opening into a V-shape. The start button 
initiates the bending cycle and the cross-head moves downward 
by a prescribed distance, bending the metallic strip between the 
V-press and die. There is a two-second hold, and the crosshead 
then lifts the V-press to the home position.  
The process digital twin is a non-linear 2D finite element 
model (FEM) implemented using Abaqus®. The process 
digital twin predicts the final bend angle, the stress in the 
product during bending and the residual stress after 
manufacture. This FEM contains three parts: the V-press, the 
die and the plate (product). The former two parts are rigid 
bodies meshed with 2-node R2D2 elements. The geometry of 
the press and die are shown in Fig. 2. The plate is modelled as 
a deformable part partitioned in three different sub-parts 
allowing a different mesh density within the plate – a technique 
also employed by Chan et al., [17], for FEM of springback of 
V-bending  aluminum sheet.  The purpose of the mesh partition 
is to increase mesh density in the location where the V-press 
meets the plate. Eight node (quadratic) plane stress elements 
(CPS8) were used for the plate.  
A frictional slip tolerance of 0.005 and a coefficient of 
friction of 0.01 were used for the boundary conditions between 
the V-press and workpiece, and the workpiece and die. The 
maximum displacement of the V-press is 48.5 mm from the 
point of touching the specimen until the point when the press 
fully mates with the die. Two bending test scenarios were 
performed during this study. The first scenario involved 
modelling the bending process to a V-press displacement of 
30 mm. For the second scenario, a V-press displacement of 45 
mm was examined. For each of these two scenarios, physical 
tests were conducted using the metal bending test bed. These 
tests involved bending ten specimens for each scenario, where 
the final bend angle of each specimen was measured using 
ImageJ  
3. Results 
The fundamental idea behind digital twin technology is to 
add value to any manufacturing system using cyber physical 
systems through process predictions and optimization. The 
development of an FEM-based process digital twin is one such 
method for predicting manufacturing outcomes.  
 
3.1 Process digital twin: 30 mm displacement  
For the first FEM-based process digital twin, the V-press 
travelled 30 mm from its starting position and returned to its 
starting position. Fig. 3 shows an Abaqus rendering of the FEM 
during loading and unloading. In Fig. 3(a), the V-press is 
displaced by 30 mm, and it can be seen that the plate has bent 
to an angle of approximately 100°. Fig. 3(b) shows the system 
once fully unloaded. In this case, it can be seen that the bend 
angle has increased to 143°, i.e. a significant elastic springback 
of 43°, which is an undesirable distortion of the metal product. 
The springback phenomenon is common in metal bending, and 
is caused by elastic recovery of a material after the bending 
load has been released [15]. 
  
 




Fig. 3 FEM model showing (a) 30 mm displacement of V-press; (b) retraction 
of V-press showing elastic recovery of specimen 
 
One of the benefits of the process digital twin is the ability 
to predict internal stress during bending, as well as residual 
stress post-bending. Fig. 4 (a) shows the stress distribution in 
the plate during bending. At the point where the V-press is in 
contact with the plate, the local compressive stress is approx. 
443 MPa, while on the opposite side of the specimen, the 
workpiece is in a state of tensile stress of 416 MPa. Fig. 4(b) 
maps the residual stress distribution in the specimen after the 
V-press has been completely retracted. The largest residual 
stresses are located nearer to the neutral axis of the specimen. 
Fig. 5 plots the stress profile across the thickness of the 
specimen for the loaded and unloaded condition. It can be seen 
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stress condition changes from 443 MPa compression in the 
loaded state, to a predicted residual tensile stress of 185 MPa 
when fully unloaded. The residual stress profile is typical of 
that seen for a plate under elastic-plastic bending.  
 
 
Fig. 4: FEM S11 stress distribution for workpiece when (a) fully loaded with 
30 mm V-press displacement and; (b) residual stress distribution after bending 
load has been removed  
 
 
Fig.5 Plot of stress across the thickness of the specimen for fully loaded and 
unloaded conditions for 30 mm V-press displacement 
 
3.2 Process physical twin: 30 mm displacement  
In order to validate the virtual model, a physical bending test 
was conducted on ten specimens, with a V-press displacement 
set to 30 mm using the physical bending test bed. Although it 
was not possible to measure stress during the bending cycle, 
the final bend angle could be verified against FEM results. Fig.  
6 presents a photograph of the ten specimens bent using the 30 
mm displacement. A Vernier calipers was used during the 
bending process to measure the displacement repeatability of 
+/- 0.2 mm between the V-press and die during physical 
testing.  Post-testing, the final bend angles of all ten specimens 
were measured, resulting in an average bend angle of 142.58°, 
with a standard deviation of 0.33°. The modeled angle of 143° 
is within 2 standard deviations of the physical tests – thus 
showing good fidelity of the process digital twin with the 
process physical twin.  
 
3.3 Process digital twin: 45 mm displacement  
     To further test the validity of the FEM-based process digital 
twin, a second scenario was tested, this time using a V-press 
displacement of 45 mm. Fig. 7 shows an Abaqus®  rendering 
of the model in the loaded state (Fig.7(a)) and unloaded state 
(Fig.7(b)) for the 45 mm V-press displacement. For the loaded 
condition, the bend angle is 90°, where it can be seen that the 
sides of the plate are in full contact with the surfaces of the die. 
Upon unloading however, it is again seen that the material 
undergoes elastic recovery, resulting in springback of 15.2 ° to 
an angle of 105.2°. 
 
 




Fig.7 FEM model showing (a) 45 mm displacement of V-press; (b) retraction 
of V-press showing elastic recovery of specimen 
 
Fig. 8 (a) presents the predicted stress distribution across the 
metal plate during bending to 45 mm displacement. At the point 
where the V-press is in contact with the workpiece, the local 
compressive stress is predicted to be 583 MPa – a considerable 
increase over the 30 mm FEM. On the opposite side of the 
specimen, the plate is again in a state of tensile stress, this time 
to the magnitude of  510 MPa. The predicted residual stress 
distribution post-bending is presented in Fig.8(b). As expected, 
the magnitude of predicted residual stress in this specimen type 
is larger than the 30 mm model. Fig. 9 plots the predicted stress 
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profile across the thickness of the specimen for the loaded and 
unloaded condition. In this case, it can be seen at the edge of 
the specimen, on the left axis of Fig. 9, the stress condition 
changes from a compressive stress of 583 MPa in the loaded 
state, to a residual tensile stress of 310 MPa when the V-press 




Fig. 8: FEM S11 stress distribution for workpiece when (a) fully loaded with 
45 mm V-press displacement and; (b) residual stress distribution after bending 
load has been removed  
 
 
Fig. 9 Plot of stress across the thickness of the specimen for fully loaded and 
unloaded conditions for 45 mm V-press displacement. 
 
3.4 Process physical twin: 45 mm displacement  
     To further validate the fidelity of the process digital twin, a 
second test was conducted using the physical hardware. In this 
case, ten specimens were bent to a V-press displacement of 
45 mm, a photograph of these specimens post-bending is 
presented in Fig. 10. The average bend angle was calculated to 
be 108.2°, with a standard deviation of 0.38°. This shows a 
greater difference between the predicted model and physical 
specimens compared to the 30 mm bend test, where a 
difference of 3° was observed – falling beyond seven standard 
deviations away from the mean.  
 
4. Discussion 
     Comparing the FEA results from the process digital twin for 
the 30 mm and the 45 mm displacement models, a notable 
difference was observed for springback angles. The former 
model predicted a springback angle of 43°, while the latter 
model calculated a springback of just 15.2°. This can be 
explained by examining the bend angles in Fig. 3(a) and Fig. 
7(a). In Fig. 3(a), it can be seen that the plate is bowing between 
the V-press and die. This bowing shape is largely in the elastic 
region of the material, with limited plastic deformation where 
the V-press meets the plate. Thus, as the V-press is removed, a 
large amount of elastic recovery and thus springback is 
observed. Comparing this to the 45 mm displacement model in 
Fig. 7(a), it can be seen that the sides of the specimen are 
pressed flat against the wall of the die, resulting in far less 
elastic deformation in these regions, but a larger region of 
plastic deformation around the nose of the V-press. It has been 
reported for V-bending of aluminium that springback decreases 
as the area of plastic deformation increases, thus, less 
springback is expected in the 45 mm displacement model 
compared to that of the 30 mm displacement model [17].  
     Additionally, it was observed that the difference between 
the measured and predicted bend angles is larger for the 45 mm 
specimens than the 30 mm specimens (3° difference vs. 0.42° 
difference). As the strain in the 30 mm sample was largely in 
the elastic zone, it is suggested that the discrepancy  for the 45 
mm model may be caused by the plastic data used for Al2024 
T3, which may not be entirely reliable at large strains. 
Furthermore, discrepancy may also arise with regard to 
modelling the frictional effects. It can be seen in Fig 3.(a) that 
when the press is fully displaced for the 30 mm specimen, the 
workpiece is only in contact with the outer radii of the die 
opening. For the 45 mm displacement however, it can be seen 
in Fig 7.(a) that the workpiece is in contact with the die face for 
approximately 37 mm on each side. During the bending, the 
workpiece slides along this die face and thus, the influence of 
the coefficient of friction between the workpiece and die has a 
considerably greater effect on the 45 mm bending.  
      
 
 
Fig.10 Photograph of ten specimens which were bent to 45 mm displacement. 
 
     It is evident from the results that there is good fidelity 
between the FEM-based process digital twin, and the physical 
manufacturing process for the bending of aluminium. Having 
such virtual process models is advantageous for manufacturing 
industries, especially aerospace and automotive sectors, where 
aluminium is frequently formed to produce lightweight 
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components [19]. Not only does this give a manufacturer an 
insight into how the process will perform, it also provides 
information about the status of the product after the 
manufacturing step. For example, a key concept of smart 
manufacturing is the mass production of customised products 
[20]. Customised products may require new manufacturing 
processes using new materials, with unknown consequences of 
how these materials will perform during the manufacturing 
operations. Traditionally for metal bending operations, a 
desired bend angle would be obtained using designer 
experience, coupled with trial an error [21]. This is both time-
consuming and costly for manufacturers [22]. By using a 
process-based digital twin approach, different manufacturing 
configurations can be simulated and de-risked, adding value 
and reducing time to market [19].  
     In metal forming operations, the process digital twin 
element can be used to ensure desired results (such as a specific 
final bend angle). These results can be provided to the machine 
digital twin to update machine actions, improving 
manufacturing efficiency. Furthermore, the product digital 
twin can be updated with the predicted material state such as 
bend angle and residual stress which can be used to improve 
subsequent manufacturing steps and product performance. 
Thus, considering the digital twin with three components: the 
machine, the product and process, can help optimise business 
performance using high-fidelity process models.  
 
5. Conclusion and Outlook 
This paper highlighted a new approach for manufacturing 
based digital twin, which consists of three primary elements – 
the machine, the product and the process. An FEM-based 
process digital twin is used to predict process performance and 
outcomes for a V-bending operation. Using a bespoke V-
bending test bed, the process digital twin has been validated for 
two test scenarios.  
For a V-press displacement of 30 mm, the predicted final 
bend angle is 143°, while the average measured physical bend 
angle is 142.58° with a standard deviation of 0.33°. The 
maximum stress during bending is calculated to be 443 MPa 
compression, resulting in a predicted tensile residual stress of 
185 MPa once unloaded.   
For a V-press displacement of 45 mm, the predicted final 
bend angle is 105.2°, while the average measured physical bend 
angle is 108.2° with a standard deviation of 0.38°. Maximum 
stress during bending is 583 MPa compression, resulting in a 
predicted tensile residual stress of 310 MPa once unloaded.   
While the bend angle was used to experimentally verify the 
FEA modelling with real-world bending, the residual stress was 
not experimentally verified, and thus, future work will 
endeavor to experimentally verify the residual stress within the 
components post-bending. Additionally, it is planned that FEA 
data will be used to control the physical manufacturing process 
to ensure desired product outputs for a range of different 
materials. For the purpose of this paper, the product was not 
serialized, however, it is the intention to serialize the metallic 
strips prior to bending, which will be barcoded and scanned. 
Thus, a more comprehensive digital-twin based device history 
record can be developed in future. 
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Appendix A. Plastic Properties of Al2024 T3 Plate 
Fig. A.1 graphs the plastic properties used in the FEA 
simulations of this paper for Al2024 T3 plate. These values 
were obtained from [23].  
 
Fig.A.1 Graph plotting true tensile strength vs. true strain for Al2024 T3 plate 
obtained from [23]. 
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profile across the thickness of the specimen for the loaded and 
unloaded condition. In this case, it can be seen at the edge of 
the specimen, on the left axis of Fig. 9, the stress condition 
changes from a compressive stress of 583 MPa in the loaded 
state, to a residual tensile stress of 310 MPa when the V-press 




Fig. 8: FEM S11 stress distribution for workpiece when (a) fully loaded with 
45 mm V-press displacement and; (b) residual stress distribution after bending 
load has been removed  
 
 
Fig. 9 Plot of stress across the thickness of the specimen for fully loaded and 
unloaded conditions for 45 mm V-press displacement. 
 
3.4 Process physical twin: 45 mm displacement  
     To further validate the fidelity of the process digital twin, a 
second test was conducted using the physical hardware. In this 
case, ten specimens were bent to a V-press displacement of 
45 mm, a photograph of these specimens post-bending is 
presented in Fig. 10. The average bend angle was calculated to 
be 108.2°, with a standard deviation of 0.38°. This shows a 
greater difference between the predicted model and physical 
specimens compared to the 30 mm bend test, where a 
difference of 3° was observed – falling beyond seven standard 
deviations away from the mean.  
 
4. Discussion 
     Comparing the FEA results from the process digital twin for 
the 30 mm and the 45 mm displacement models, a notable 
difference was observed for springback angles. The former 
model predicted a springback angle of 43°, while the latter 
model calculated a springback of just 15.2°. This can be 
explained by examining the bend angles in Fig. 3(a) and Fig. 
7(a). In Fig. 3(a), it can be seen that the plate is bowing between 
the V-press and die. This bowing shape is largely in the elastic 
region of the material, with limited plastic deformation where 
the V-press meets the plate. Thus, as the V-press is removed, a 
large amount of elastic recovery and thus springback is 
observed. Comparing this to the 45 mm displacement model in 
Fig. 7(a), it can be seen that the sides of the specimen are 
pressed flat against the wall of the die, resulting in far less 
elastic deformation in these regions, but a larger region of 
plastic deformation around the nose of the V-press. It has been 
reported for V-bending of aluminium that springback decreases 
as the area of plastic deformation increases, thus, less 
springback is expected in the 45 mm displacement model 
compared to that of the 30 mm displacement model [17].  
     Additionally, it was observed that the difference between 
the measured and predicted bend angles is larger for the 45 mm 
specimens than the 30 mm specimens (3° difference vs. 0.42° 
difference). As the strain in the 30 mm sample was largely in 
the elastic zone, it is suggested that the discrepancy  for the 45 
mm model may be caused by the plastic data used for Al2024 
T3, which may not be entirely reliable at large strains. 
Furthermore, discrepancy may also arise with regard to 
modelling the frictional effects. It can be seen in Fig 3.(a) that 
when the press is fully displaced for the 30 mm specimen, the 
workpiece is only in contact with the outer radii of the die 
opening. For the 45 mm displacement however, it can be seen 
in Fig 7.(a) that the workpiece is in contact with the die face for 
approximately 37 mm on each side. During the bending, the 
workpiece slides along this die face and thus, the influence of 
the coefficient of friction between the workpiece and die has a 
considerably greater effect on the 45 mm bending.  
      
 
 
Fig.10 Photograph of ten specimens which were bent to 45 mm displacement. 
 
     It is evident from the results that there is good fidelity 
between the FEM-based process digital twin, and the physical 
manufacturing process for the bending of aluminium. Having 
such virtual process models is advantageous for manufacturing 
industries, especially aerospace and automotive sectors, where 
aluminium is frequently formed to produce lightweight 
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components [19]. Not only does this give a manufacturer an 
insight into how the process will perform, it also provides 
information about the status of the product after the 
manufacturing step. For example, a key concept of smart 
manufacturing is the mass production of customised products 
[20]. Customised products may require new manufacturing 
processes using new materials, with unknown consequences of 
how these materials will perform during the manufacturing 
operations. Traditionally for metal bending operations, a 
desired bend angle would be obtained using designer 
experience, coupled with trial an error [21]. This is both time-
consuming and costly for manufacturers [22]. By using a 
process-based digital twin approach, different manufacturing 
configurations can be simulated and de-risked, adding value 
and reducing time to market [19].  
     In metal forming operations, the process digital twin 
element can be used to ensure desired results (such as a specific 
final bend angle). These results can be provided to the machine 
digital twin to update machine actions, improving 
manufacturing efficiency. Furthermore, the product digital 
twin can be updated with the predicted material state such as 
bend angle and residual stress which can be used to improve 
subsequent manufacturing steps and product performance. 
Thus, considering the digital twin with three components: the 
machine, the product and process, can help optimise business 
performance using high-fidelity process models.  
 
5. Conclusion and Outlook 
This paper highlighted a new approach for manufacturing 
based digital twin, which consists of three primary elements – 
the machine, the product and the process. An FEM-based 
process digital twin is used to predict process performance and 
outcomes for a V-bending operation. Using a bespoke V-
bending test bed, the process digital twin has been validated for 
two test scenarios.  
For a V-press displacement of 30 mm, the predicted final 
bend angle is 143°, while the average measured physical bend 
angle is 142.58° with a standard deviation of 0.33°. The 
maximum stress during bending is calculated to be 443 MPa 
compression, resulting in a predicted tensile residual stress of 
185 MPa once unloaded.   
For a V-press displacement of 45 mm, the predicted final 
bend angle is 105.2°, while the average measured physical bend 
angle is 108.2° with a standard deviation of 0.38°. Maximum 
stress during bending is 583 MPa compression, resulting in a 
predicted tensile residual stress of 310 MPa once unloaded.   
While the bend angle was used to experimentally verify the 
FEA modelling with real-world bending, the residual stress was 
not experimentally verified, and thus, future work will 
endeavor to experimentally verify the residual stress within the 
components post-bending. Additionally, it is planned that FEA 
data will be used to control the physical manufacturing process 
to ensure desired product outputs for a range of different 
materials. For the purpose of this paper, the product was not 
serialized, however, it is the intention to serialize the metallic 
strips prior to bending, which will be barcoded and scanned. 
Thus, a more comprehensive digital-twin based device history 
record can be developed in future. 
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Appendix A. Plastic Properties of Al2024 T3 Plate 
Fig. A.1 graphs the plastic properties used in the FEA 
simulations of this paper for Al2024 T3 plate. These values 
were obtained from [23].  
 
Fig.A.1 Graph plotting true tensile strength vs. true strain for Al2024 T3 plate 
obtained from [23]. 
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